Abstract: Pyrolysis process offers solution to utilise huge quantity of biomass to produce fuel for energy needs. This paper describes the development of a new model for waste cotton shell pyrolysis. This model calculates the minimum fluidisation velocity for various sand particles for better fluidisation. Cotton shell wastes were subjected to pyrolysis at atmospheric pressure under inert gas atmosphere in a fluidised bed setup to determine the effect of operation parameters. The sand particle size 0.71 mm offered better fluidisation and is more economical as it utilises low hydrogen flow rate. The maximum yield of bio-oil 51 wt% can be obtained under the operation parameters of 450ºC pyrolysis temperature, 1 mm particle size at sweep gas flow rate of 1.75 m 3 /h. In addition, the characterisation study of the bio-oil has been done for its physical and chemical analysis with gas chromatography mass spectroscopy. The elements and its derivatives found in the GC-MS analysis are used as a feed stock for chemical industries.
Introduction
Biomass is a promising eco-friendly alternative source of renewable energy in the context of current energy scenarios. Current global energy supply is to a large extent based on fossil fuels (oil, natural gas and coal), of which the reserves are finite. As a renewable energy source, biomass can either be used directly through combustion to produce heat or indirectly after converting it to various forms of biofuel. The recovery of energy from biomass and solid wastes has centred on biochemical and thermochemical processes. Of the thermochemical processes, pyrolysis has received increased interest. This method can increase the yield of condensable gases and liquid oil quality comparing with other conversion techniques. Since the process conditions can be optimised to maximise the production of char, liquid and gases. In the fast pyrolysis process, biomass is rapidly heated to a high temperature in the absence of oxygen. Brammer et al. (2006) suggested that, fast pyrolysis produces 60%-75% of oily products (oil and other liquids) with 15%-25% of solids and 10%-20% of gaseous phase. According to Meier and Faix (1999) , fast-pyrolysis technology is receiving incredible popularity in producing liquid fuels and a range of specialty and commodity chemicals. The flash pyrolysis of biomass is a promising process for the production of solid, liquid and gaseous fuel from biomass which can achieve up to 75% of bio-oil yield. This process can be characterised by rapid devolatilisation in an inert atmosphere, high heating rate of the particles, high reaction temperatures between 450°C and 1,000°C and very short gas residence time. The physical conditions of the pyrolysis of biomass, such as temperature, heating rate and residence time have been shown to have a profound effect on the product yields and composition. Based on the studies proposed by Islam et al. (1999 Islam et al. ( , 2005 wood remains the largest biomass energy source today; examples include forest residues (such as dead trees, branches and tree stumps), wood chips, oil palm shell, and even municipal solid waste. Syamsiro et al. (2012) and Park et al. (2012) suggested that, the biomass includes plant or animal matter that can be converted into biofuels including pod, stem and corn. Depending on the operating conditions, the pyrolysis process can be divided into three sub classes: conventional slow pyrolysis, fast pyrolysis and flash pyrolysis. At present, the preferred technology for production of oily products from wastes is fast or flash pyrolysis at high temperatures with very short residence time.
Normally, the highly viscous bio-oils are producing from various seeds, which are used for energy purpose. Pyrolysis and hydrothermal liquefaction (HTL) are the two main types of processes for production of bio-oils from biomass. Pyrolysis involves the rapid thermal decomposition of organic compounds by heat in the absence of oxygen, which results in the production of char, oil and gaseous products. HTL is also called direct liquefaction, hydrothermal upgrading, depolymerisation, and solvolysis, which is conducted under higher pressure and higher temperature to keep water in either liquid or supercritical state. The use of water as a solvent obviates the need to dry biomass and permits reactions to be carried out at lower temperatures in comparison with pyrolysis. Bio-oil is the primary product of HTL, and solid residue, bio-char, and water containing soluble organic compounds are the main byproducts. Both of the processes belong to the thermochemical technologies in which feedstocks are converted into bio-oil products.
Gossypium arboreum commonly called tree cotton is a species of cotton native to India, Pakistan and other tropical and subtropical regions of the world. Cotton shell wastes are chosen for study because it cannot be used as cattle feed and it contains valuable materials such as char, liquid and non-condensable gases. After the elimination of cotton, the shells are burned or dumped. Burning of shells has some adverse effect on the environment. Bio-oil can be obtained from the cotton shells via slow, fast and flash pyrolysis. Fixed bed slow pyrolysis of cotton shell wastes were studied by Madhu et al (2014) and reported. Whereas maximum of 39.8 wt % bio-oil have been obtained under the optimum process parameters of pyrolysis temperature 450°C, particle size 1mm and heating rate 45°C/min. In this study the minimum fluidisation velocity for the various sand particles has been identified. Based on the better fluidisation behaviour of the sand particles, the suitable flow rate for the flash pyrolysis has been identified to optimise the flash pyrolysis of the cotton shell wastes for maximum bio-oil yield. Further, the bio-oil obtained under the optimum operating conditions has been analyses with gas chromatography mass spectroscopy for the identification of the chemical compounds present with the bio-oil.
Method

Fluidised bed
In this type of reactor, a fluid (gas or liquid) is passed through a granular solid material at high enough velocities to suspend the solid and cause it to behave as though it were a fluid. It can be used to carry out a range of multiphase chemical reactions. The solid substrate material in the reactor is usually supported by a porous plate, known as a distributor. At lower fluid velocities, the solids remain in place as the fluid passes through the voids in the material. When the fluid passed over it, the pressure drop of the fluid is about proportional to the fluid's superficial velocity. In order to change the bed to a fluidised condition, the sweep gas velocity is frequently raised. For a free-standing bed there will exist a point, known as the incipient fluidisation point, whereby mass of the bed is suspended by the flow of the fluid. The corresponding fluid velocity is known as the 'minimum fluidisation velocity', U mf .
The minimum fluidisation velocity of the sand particles was obtained by using the formula Q = AV.
Raw material
Cotton shells, the material used in this work, were collected from local agricultural field in Tamil Nadu in India. Research was carried out by drying cotton shell and then they were crushed and screened. In order to reduce the water content of the samples, they were dried at 100 ± 10°C. Table 1 represents the results of the proximate and ultimate analysis of the biomass sample compared with other biomass residues.
Table 1
Characteristics of biomass residues
Parameters Cotton shell
Hard wood by Feldmann et al. (1988) Birch by Jahirul et al. (2012) Pine by Jahirul et al. (2012) Proximate analysis (wt%) The samples contain large fraction of volatile matters when compared with other types of biomass residues mentioned in Table 1 and give an expectation of high bio-oil yield. The fractions of nitrogen and sulphur were very low and is environment-friendly than the conventional fossil fuel. The high heating values in this study were obtained from Dulong calculation as shown in the below equation suggested by Oasmaa mentioned by Abnisa et al. (2011 
Minimum fluidisation velocity-setup
The experimental set up to find out the minimum fluidisation velocity consists of a 1m long glass tube of 50 mm diameter. The base of the tube placed on a perforated plate and it acts as a distributor. Compressed air from compressor is passed through a rotameter and then to the glass column through a ball valve arrangement below the plenum. Pressure drop in the glass tube is measured from a tapping near the lowermost end of the glass tube. Figure 1 shows the experimental set up for the determination of minimum fluidisation velocity. Table 2 shows the geometrical details of fluidisation column.
Table 2
Details of fluidisation column
Diameter of fluidising column in mm 50
Height of the fluidising column in m 1
No of holes on distributor plate 75
Diameter of hole in mm 3
Fluidising gas used Air 
Pyrolyser setup
The pyrolysis experiments were conducted in a tubular reactor under nitrogen as a sweep gas atmosphere. The reactor is heated using 2 kW electrical heater with ammeter and voltmeter setup to measure the power input and is controlled by an autotransformer and temperature cutoff unit. The temperatures are measured with the help of thermocouple located at five different points along the reactor, and is well insulated with mineral wool and Chromel -Alumel. Fluidisation is first done by air till the reactor reaches the uniform temperature and then in inert atmosphere using nitrogen gas. The nitrogen flow rate was measured with the help of a rotameter. A distributor valve was utilised to separate the flow of air and nitrogen. Air was given to heat up the sand particles initially to a suitable temperature and then air supply was cut and nitrogen was fed. The fluidising gas velocity was maintained greater than the minimum fluidisation velocity. When the reactor reaches the selected pyrolysis temperature, a screw feeder was used to feed the sample. The screw feeder unit consisting of hopper is attached to a variable speed motor to vary the feed rate. The cotton shell particles are kept in the hopper and are fed into the reactor through screw feeder. The accuracy of a screw feeder is dependent upon the flow reliability of the hopper and the density of the material filling the volume of the screw. In this study, hopper with a feeder is used to feed a biomass particle at around 30 g/min. The discharge accuracy is claimed to be ±2% of the set point. The powder is then transferred to a screw feeder from the hopper for discharging into a reactor. The emerging gas from the reaction on the fluidised bed pyrolyser first passes through the cyclone separator where the particulate matters are dropped and thereby preventing char from reaching the condensing unit. The condenser is a shell and tube type heat exchanger. The vapors and the gases are passed through a water cooled condenser to a series of ice cooled collectors maintained at 5ºC to trap the derived bio-oil.
Selection of pyrolysis process parameters
The effective yield of the pyrolysis reaction is affected by various process parameters such as the size of feedstock, process temperature, feeding rate and sweep gas flow rate. Feedstock used should be ground to below certain size to promote pyrolysis reaction, and hence both the yield and the quality of the bio-oil can be increased. The increase in the solid yield with the increasing particle size of the sample could be due to the greater temperature gradient inside the particles. So that, at a given time the core temperature is lower than that of the surface, which possibly gives rise to an increase in the solid yields. According to Şensöz et al. (2006) and Haykiri-Acma (2006) , there is a significant effect of particle size on the char, oil and gas yield in the pyrolysis of bagasse, hazelnut shell and rice husk. In addition, based on the research by Demirbas (2004) and Madhu et al. (2015) the moisture content of the feedstock will affect the efficiency of the thermal pyrolysis reaction and hence the quality of the bio-oil produced. If it is too high, the moisture content in the bio-oil will also be high, and that not only will decrease the caloric value, but also will corrode the piping and other material system related to the facilities. Therefore the moisture content in the feedstock was suggested that should be minimum. Regarding the effect of pyrolysis temperature, it greatly affects the type and amount of the reaction products; at a relatively low temperature, say below 350°C, the majority of the product is char, whereas at temperatures exceeding 700°C, most of the products are non-condensable gases. According to Park et al. (2012) , the suitable pyrolysis temperature range is within the range of 400°C-600°C. The flow rate of the nitrogen was taken in the range based on the minimum fluidisation velocity of the sand particles.
Characterisation
The component analysis of the sample as well as pyrolysis bio-oil performed by Elementar Vario ELIII, Germany with lower detection limit of 0.1 μg for nitrogen, 0.5 μg for C, H, S with accuracy 0.05% with Helium as carrier gas. The density of the oil is determined by weighing the known volume and its viscosity is measured using BROOKFIELD LV-DV-II Pro viscometer, Middleboro, USA at a constant temperature. Pensky-Martens closed-cup apparatus was used to determine the flash point of the oil. The calorific value of the oil was measured by using Parr-6772 calorimetric thermometer. For the qualitative identification and quantitative measurement of volatile and semi-volatile organic compounds in bio-oil, THERMO GC-TRACE ULTRA VER: 5.0, THERMO MS DSQ II were used. A capillary column coated with a 0.25 µm film of DB-35 with length of 30 metres and diameter 0.25 mm was used. The GC was equipped with Helium gas as carrier gas at a flow rate of 10 ml/min. The oven initial temperature was set to 70°C for 2 min and then increased to 250°C at a rate of 10°C/min. Mass spectrometer was operated at an interface temperature with ion source temperature of 200°C of range 40-650 m/z. ASTM D6584 standard test method for determination of total monoglycerides, total diglycerides, total triglycerides and total glycerin in the pyrolysis oil have been used by gas chromatography.
Results and discussion
Minimum fluidisation velocity
The glass column was filled with selected range of sand particle. The sand particle size used for this study is 0.71, 1.0, 1.25, 1.4 mm. The amount of sand used was 500 g. The fluidising gas used was air. Air flow rate through a rotameter and pressure drop in the glass column through a mercury manometer were carefully measured. Apart from that, the glass column was observed visually to ensure the movement of the bed. At the beginning when air was admitted, the appearance of bed does not vary and the pressure drop increased with the flow rate, reaching a maximum value at the point of the initial fluidisation. Increase in the velocity above that point does not result in an increase in bed pressure drop, but the elements rearrange themselves to afford more space around them to hold extra gas flow. The bed voidage increases and the bed as an entire expand to a larger height. At a particular time bubbles or particle-free cavities were formed among the particles and these bubbles rise through the bed and burst as they reach the free surface. At adequately high fluidisation velocity, some of the particles will be entrained in the air and would be carried away by the air stream. The experimental results are presented in Figure 2 for various particle sizes investigated. /h. When the particle sizes is larger, gives more flow resistance at the beginning. Since the particle size is larger at lower air flow rate, the space between the sand particles is less. As the air flow rate was increased from 0.4-0.5 m 3 /h the sand particles started to settle down which provides more resistance. Hence, the pressure drop movement was found to be sudden. At elevated air flow rate the bed voidage is more, i.e., the gap between the particles is more. The particles are in suspended condition. From the experimental results, it is concluded that the sand particle size 0.71 mm offer a better fluidisation velocity and its use is more economical as it utilises low air flow rate. Table 3 indicates minimum fluidisation velocities for various particle sizes used in this study. The air flow rate required for the particle size 0.71 mm was 0.8 m 3 /h. The flow rate of nitrogen gas used for all the experiments were 1.25, 1.75, 2.0, 2.4 m 3 /h. The actual flow rate used for our experiments was approximately two times of our measured value. The size of sand used for all the experiments were 0.71 mm. The amount of sand used was 500 g.
Effect of process parameters on product yield
The optimum process parameters for the maximum oil yield were obtained from the literature Madhu et al. (2016a) . Table 4 shows the pyrolysis product yield at various process conditions. Evidently the optimum temperature for producing bio-oil is in the range of 450°C. The results show that the bio-oil yield increases from 28.95 to 45.28 wt% when the temperature is increased from 350°C to 450°C then is decreased to 36.05 wt% when the temperature is further increased to 550°C. The operation also gives reduced liquid, char and increased gas yield when the temperature is further increased. It may be concluded that secondary reaction of the liquid fraction of the volatiles and the further decomposition of the char particles proceeded in the reactor with increasing pyrolysis temperature. Similar behaviour with the different biomass samples was also obtained in the literature Onay and Kockar (2003) . However, too lower a temperature caused incomplete decomposition of the biomass. On the other hand, a higher pyrolysis temperature favoured the formation of higher gas suggested by Jung et al. (2008) and Luo et al. (2004) .
Decrease on particle size leads to decrease of bio-oil yield. On varying the particle size from 0.6 to 1.25 mm with the sweep gas flow rate of 1.75 m 3 /h, the bio-oil yield will be from 31.42 to 41.75 wt%. For the particle of 1 mm 51 wt% of maximum bio-oil was obtained. Based on these results particle size has a significant influence with the yield of bio-oil. This result suggested that heat and mass transfer restrictions had a profound influence at a larger particle size, resulting in maximum oil yield. Working at a particle size of 1.0 mm seems suitable for obtaining a high yield of bio-oil production in flash pyrolysis of cotton shell. The maximum gas yield of 40.03 wt% was obtained at a particle size of 0.6 mm. According to Park et al. (2012) , there is a significant effect of particle size on the char, oil and gas yield in the pyrolysis of palm shell, garlic and pepper stem.
The increase in nitrogen gas flow rate from 1.25 to 1.75 m 3 /h increased the oil yield from 36.8 to 51 wt%, the gas yield decreased from 47.66 to 30.43 wt%. Based on the research by Miao et al. (2004) , the short residence time of the volatiles in the reactor as the sweep gas velocity increased causes relatively minor secondary decomposition of higher molecular weight products. At a fixed pyrolysis temperature of 450°C, the maximum oil yield was obtained with a particle size of 1.0 mm at a sweep gas velocity of 1.75 m 3 /h. The maximum oil yield of 51 wt% was obtained at an optimum condition, whereas the maximum gas yield of 47.66 wt% was obtained at a sweep gas flow rate of 1.25 m 3 /h. 
Characterisation
Physical properties of bio-oil
The pyrolysis bio-oils obtained from the flash pyrolysis of cotton shell is found to be highly oxygenated where the oxygen content is 49.57%. When compared with the fossil fuels the energy content in terms of Higher Heating Value of the pyrolytic oil is low as 19.32 MJ/kg due to the presence of moisture content and oxygenated components. The water content of the oil in this experiment was measured as 18 wt%. The density of the oil measures 1,005 kg/m 3 . The viscosity of the oil is found as 9.23 cSt at 30°C. The result in higher flash point about 160°C indicates that it can be stored safely at room temperature. The bio-oil has a low pH value of 3.3 and the ash content is less than 0.1%. Table 5 shows the comparison of physical properties of the bio-oils with diesel. Palmyra palm fruit bunches by Madhu et al. (2016b) 1,010 8.60 at 30°C 160 3.9 14.5
Fast diesel by Islam et al. (1999) 780 at 15°C 1.3-3.3 at 50°C 75 -45-46 Phenol, 2-methoxy It is also called as Guaiacol. It is a precursor to various flavorants, such as eugenol and vanillin. Esposito et al. (1997) reported that, its derivatives are used medicinally as an expectorant, antiseptic and local anesthetic. It also can be used as an indicator in chemical reactions that produce oxygen binds to it, the samples turns yellowish brown and absorbs light maximally at about 470 nm.
Phenol, 2,6-dimethyl It is also called as 2,6-Xylenol. It is a monomer for poly (p-phenylene oxide) engineering resins through carbon-oxygen oxidative coupling. It is stable, very flammable and colourless crystals. Similar to other xylenol compounds, 2,6-dimethylphenol is used in the synthesis of anti-oxidant compounds due to the phenol moiety in the structure. This compound is used as a reactant in the synthesis of polyphenylene ether polymers. It is insoluble in water and incompatible with bases, acid chlorides, acid anhydrides, and oxidising agents (Boldron et al., 2005) .
Phenol, 2,4-dimethyl Phenol, 2,4dimethyl is clear colourless to yellow liquid at it is insoluble in water. It is a very weak acid (pKa = 10.6). Incompatible with acid chlorides, acid anhydrides, bases and oxidising agents. It Corrodes steel, brass, copper and copper alloys. It is probably combustible (Faludi et al., 2015) .
2-Methoxy-4-methylphenol It is clear colourless to slightly yellow liquid (De León-Rodríguez et al., 2008) . It is one of the components of creosote. Compared with phenol, creosol is a less toxic disinfectant.
2,5-Dimethoxytoluene
It is clear light yellow liquid. According to Matin et al. (1974) , 2,5-Dimethoxytoluene may be used as a reagent in the synthesis of 2,5-dimethoxy-4-methylbenzaldehyde-7-14C. Based on the research of Vitullo and Longue (1972) its IR spectrum has been used to establish the methyl group migration in the acid catalyzed rearrangement of 4-methoxy-4-methylcyclohexadienone.
Phenol, 2,6-dimethoxy Phenol, 2,6-dimethoxy is also called as syringol. syringol and its derivates are characteristic products of pyrolysis of lignin, being derived from the thermal decomposition of the Sinapyl alcohol monomer. As such, it is an important component of wood smoke (Mohan et al., 2006) . It can serve as a substitute feedstock for phenol formaldehyde resin, a commonly used, water resistant adhesive for plywood.
Tetradecane
It is colourless liquid and insoluble in water. Saturated aliphatic hydrocarbons, such as Tetradecane, may be incompatible with strong oxidising agents like nitric acid. Charring of the hydrocarbon may occur followed by ignition of unreacted hydrocarbon and other nearby combustibles. In other settings, aliphatic saturated hydrocarbons are mostly unreactive. They are not affected by aqueous solutions of acids, alkalis, most oxidising agents, and most reducing agents. When heated sufficiently or when ignited in the presence of air, oxygen or strong oxidising agents, they burn exothermically to produce carbon dioxide and water.
Chemical properties of pyrolysis bio-oil
The chemical composition of the pyrolysis bio-oil sample was also determined through GC-MS analyses. In this case, the numbers of identified compounds are exceeding more than 25. Table 6 shows some of the properties of major compounds identified in this work. Different types of compounds such as normal akanes, alkenes, phenols saturated fatty acids, esters, amides and nitriles were identified. The components are identified with increase in retention time. The most abundant components are phenolics, aliphatic, nitrogen and other aromatic compounds. Phenolics are also identified as the major compounds in this analysis. According to Negahdar et al. (2016) , most of the phenolic compounds identified in this research also identified as the major compounds of the bio-oil from other studies. Because of its potential uses, phenolic compounds in the bio-oils have attracted attention as fuel additives and chemical precursors (Staš et al., 2014; Toraman et al., 2016) . Cellulose and hemicelluloses are the major components of the biomass feedstock as they are the sources of these aromatic and oxygenated compounds (Madhu et al., 2016c) .
Conclusions
The optimum sand particle for better fluidisation for the flash pyrolysis of cotton shell wastes was determined and was utilised for the pyrolysis oil production. The sand particle size 0.71 mm offered better fluidisation velocity and is more economical as it utilises low hydrogen flow rate. The maximum yield of bio-oil 51 wt% can be obtained under the operation temperatures of 450ºC, 1 mm particle size at sweep gas flow rate of 1.75 m 3 /h. Pyrolysis temperature was shown to be a significant process parameter as it determines the product yields. Various organic compounds of carbon contained in the pyrolysis bio-oil, which dominated by oxygenated aromatic. The presence of major compounds such as 2-methoxy Phenol, 2,4-dimethyl Phenol, 2,6-dimethyl Phenol, 2,5-Dimethoxytoluene shows that separation and analysis of these materials lead to major industrial applications.
